One of the main challenges in environmental management is how to manage the dynamics of natural environments. In this context, having information about historical changes of the structure of the biological communities could represent a useful tool to improve management strategies, contributing to refine the policy objectives, since it gives reference states with which to compare the present. The Venice lagoon represents an interesting case study, since it is a highly dynamic, but sensitive, environment which requires the adoption of prudent management. In its recent history the lagoon ecosystem has been exposed to different kinds of disturbance, from the discharge of pollutants and nutrients, to the invasion of alien species and the exploitation of its biological resources by using highly impacting fishing gears. The analysis of available data about the macro-benthic community, from 1935 to 2004, allows the description of changes of the community structure over almost 70 years, showing a sharp decrease in its diversity. In order to obtain information about its functioning, it is necessary to know how these changes have affected processes at the community and system level. In shallow water ecosystems, as the control is mainly due to the benthic compartment, variations in the structure of the benthic community can induce modifications in processes at different hierarchical levels. The trophic structure analysis has revealed major changes during the period; from a well-assorted structure in 1935, to an herbivoreedetritivore dominated one in the 1990s, and finally to a filter feeder dominated structure during the last decade. This has produced variations in the secondary production and it has induced modifications in the type of the ecosystem control. These changes are discussed in the light of the dynamics of the main driving forces.
Introduction
One of the present main challenges in environmental management is related to the implementation of a holistic approach, in which the ecosystem represents the management unit (Raffaelli, 2006) . Ecosystem considerations in a marine scientific and management context have been known for more than a century (e.g. Baird, 1873) , but only recently has the ecosystem approach to natural environment and resources management been suggested (World Summit on Sustainable Development in Johannesburg, 2002) . It is presently recommended for adoption by many major policy initiatives, including the EU Water Framework Directive, the Common Fisheries Policy and the European Marine Strategy. The aim of this approach is to ensure that the planning, development and management of the environment will meet social and economic needs, but without jeopardizing the options for future generations to benefit from the full range of goods and services provided by marine ecosystems, i.e. to ensure sustainable development (FAO, 2003) . The approach should be taken at the appropriate (large) spatial and temporal scales, recognising the temporal lags between different scales, and that the conservation of ecosystem functioning should be a priority, in order to maintain ecosystem services (CBD, 2004) . The research focus needs to be extended, encompassing not only the structures of the ecosystem (populations, species, communities, habitats) but also the processes related to the functioning of the ecological systems (production, consumption, respiration, energy flow and cycling), and to seek general relationships among patterns and processes at multiple spatial scales (e.g. Zajac, 1999; Hyrenbach et al., 2000) .
Since, it is recognized that human activities, through alterations of ecosystem structures, may impair ecological processes to varying degrees, the gap of knowledge that has to be filled is in the effects of these changes on the ecosystem functioning. Moving towards the assessment of modifications induced in the processes of perturbed ecosystems requires, however, great caution, since processes at the highest hierarchical levels of the ecological systems tend to be conservative, only slowly reacting to external perturbations (Holling et al., 1995) .
In shallow water systems, such as coastal lagoons, the benthic compartment plays a crucial role in determining the functioning of the system, controlling the main ecological processes, and changes in its structure could affect the whole ecosystem (Snelgrove et al., 1997; Weslawski et al., 2004; Tenore et al., 2006) . By analysing modifications of the lagoon benthic community over time, it could therefore be possible to assess the effects of different ecological drivers on the ecosystems' functioning.
The lagoon of Venice, the widest lagoon in the Mediterranean Sea, like many other coastal areas around the world, during recent decades has been subject to transformations and intense anthropogenic pressure which have deeply modified the natural environment. Four main events can be recognized as strong drivers that are able to directly affect structures and processes in the ecosystem:
1. The modification of the hydrodynamic conditions, related to the excavation of a deep channel in the Central part of the lagoon in the 1960s, which affected the habitat morphology (e.g. salt marshes' distribution, and bottom features, such as texture, grain size, and depth, and erosion rate) (Ravera, 2000) ; 2. The increase of nutrient load in the 1960s and 1970s, in relation to discharges from the industrial area and the drainage basin, and the urban wastes from the city of Venice (Cossu and De Fraja Frangipane, 1985) , with eutrophication and subsequent macro algae blooms and anoxia events recorded in the 1980s (Sfriso et al., 2003) ; 3. The invasion by the Manila clam, an alien species, intentionally introduced in the lagoon in the middle of the 1980s for aquaculture purposes, and now widespread in the lagoon (Cesari and Pellizzato, 1985; Pranovi et al., 2006) ; and 4. The mechanical clam harvesting, developed by local fishermen at the beginning of the 1990s to exploit the newformed Manila clam banks (Provincia di Venezia, 2000; Pranovi et al., 2004) .
In some ways, therefore, the lagoon has during recent times experienced all the main causes of disturbance which affect coastal areas worldwide, such as eutrophication, morphological change, alien species invasion, and fishing activities. In aquatic environments, among the main causes of anthropogenic disturbance three are recognized as producing the greatest effects: fishing activities, which has produced the collapse of many stocks and the severe threatening of many habitats (NRC, 1995; Botsford et al., 1997; Jackson, 2001; Jackson et al., 2001) ; alien species, where many of these organisms have profoundly affected the abundance and diversity of native biota in the regions they have invaded (Leppäkoski, 1994) ; and eutrophication, which has strongly modified the ecosystems' structure, especially in semi-enclosed basins (Caddy, 2000) .
The aim of the present study is to evaluate changes in the functioning of the benthic compartment of the Venice lagoon ecosystem, by analysing the modifications in the structure of macro-benthic community, recorded during the last 70 years. These changes will be interpreted in the light of the main ecological drivers, which have affected the lagoon environment during the last decades. This represents a preliminary attempt to have a synoptic view at a large spatial and temporal scale, and to give the opportunity to analyse relationships between diversity and functioning in benthic community, at these scales.
Material and methods
To reconstruct the time series for the macro-benthic community, different data sources (both published and unpublished) have been considered. The data available are reported in Table 1 . The database is composed of 303 taxa, belonging to eight different Phyla, and with 835 replicates. Due to different scientific scopes and the extended period of time considered, data collected are often not perfectly overlapping in terms of sampling gear, sampled area, and the total area surveyed. The time series was characterized by a heterogeneous distribution of samples through time, with an important gap from 1935 to 1988, only partially filled by 1948 and 1968 data sets. The 1948 and 1968 surveys only reported information about infaunal species. For this reason, these data have been used only in the plots of functioning indices, not for statistical analyses, just to infer something about the processes which had driven the benthic community before the 1988 survey.
As regards the spatial distribution, the different surveys showed different spatial coverage. The surveys carried out in 1935, 1990 and 1999 covered the entire lagoon (all the three basins), whereas the others referred only to one or two basins, resulting in an asymmetric comparison scheme, with some empty cells. The complete time series for each basin is reported in Table 2 (for details about the three basins see Fig. 1 ).
All recorded species were checked for nomenclature, in order to revise taxonomy and adjustments for attributions were made when necessary (e.g. in case of synonymy). Subsequently all data (both abundance and biomass) were standardized to m 2 . Wet weight biomasses were transformed to ash-free dry-weight data according to the main taxonomic groups coefficients reported by Tumbiolo and Downing (1994) . Since the 1935 data set reported only abundance data, the biomass values for each species have been calculated by using the mean individual biomass estimated for the same species, in the same basin, for the nearest survey. In the case of a species recorded only in 1935, the biomass value was estimated by using the mean individual biomass of the taxonomically closest species (taking into the account a comparable body size). All these assumptions, in our opinion, could only partially influence results of the functioning indices analysis.
Data processing and statistical analysis
Changes in the macro-benthic community structure have been analysed by applying both multivariate and univariate methods. To describe the temporal trajectories of the community a Multidimensional Scaling (MDS) ordination based on a BrayeCurtis similarity matrix (abundance data, square root transformed) was performed. The differences between years and basins in terms of the benthic assemblage were tested by means of a permutation analysis of variance (PERMANOVA). This non-parametric method, a multivariate analogue to Fisher's F-ratio, calculated directly from any symmetric distance or dissimilarity matrix ( p-values are obtained using permutations), allows testing of the general multivariate hypothesis of differences in the composition and/or relative abundances of organisms of different species (variables) in samples from different groups (Anderson, 2001; McArdle and Anderson, 2001) .
To assess the community diversity, besides the more common diversity indices (such as the specific richness, the total abundance, and the Shannon index), the average taxonomic distinctness (D þ ) and the variation in taxonomic distinctness (L þ ) have been also computed (Clarke and Warwick, 2001 ).
The presence of significant differences among years and basins were tested by a one-way PERMANOVA (data log(x þ 1) transformed). The functioning of the benthic community was analysed by adopting several different approaches: Biological Traits Analysis, mean Trophic Level, Secondary Production, Potential Bioturbation, and DExergy. The biological traits analysis (BTA) uses a series of life history, morphological and behavioural Fig. 1 . Location of the three basins of the Venice lagoon (see Table 1 for details).
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[Picture of the Venetian Lagoon was taken by ASTER, an imaging instrument flying on Terra, a satellite part of NASA's Earth Observing System (EOS)]. characteristics of species present in assemblages to indicate aspects of their ecological functioning (Statzner et al., 2001; Bremner et al., 2006) . In the present study, a set of seven traits was considered (Table 3) . Each taxon in the database was classified for each trait. The frequency of a category was calculated by weighting the sum of the abundance of all taxa exhibiting that category on the total abundance of the sample. The changes in the biological traits composition were analysed by using a PCA (data arcsine transformed). The community trophic structure was assessed by assigning each species to one of five trophic guilds (filter feeders, detritus feeders, herbivores, predators, and omnivores), using criteria such as the feeding apparatus morphology, the feeding mode and the nature and origin of the food (Fauchauld and Jumars, 1979; Desrosiers et al., 1986 Desrosiers et al., , 2000 .
To summarize the trophic structure, the mean Trophic Level (mTL) was computed according to the following equation:
where A i is the abundance of the i-species and TL i is its Trophic Level. The TL of each species was assigned on the basis of its trophic guild, by applying TL values suggested in Pranovi et al. (2003) .
Secondary production analysis provides a link between populations and ecosystem, as it represents a measure of population's function at the community/ecosystem level (Benke, 1993) . In order to investigate the pattern of the benthic production in relation to the different temporal states, the equation proposed by Brey (1990) was applied:
where the production, P i for i-species, is expressed as a function of its biomass, B i , and the mean individual weight, W i ; a, b 1 and b 2 are parameters concerning the main benthic taxonomic groups. The bioturbation, i.e. the biogenic mixing of sediment by benthic organisms, represents a primary determinant of some sediment features (such as the oxygen concentration, the rate of organic matter decomposition, and the regeneration of nutrients) (Pearson, 2001) . The bioturbation of the benthic community was estimated according to the method proposed by Solan et al. (2004) :
BP i , the per capita effect, which takes into the account for three biological traits, of ith species, known to influence sediment bioturbation (Pearson, 2001; Bremner et al., 2003; Meysman et al., 2003) : the mean body size (B i , in grams); the propensity to move through the sedimentary matrix (M i , defined as 1 ¼ in a fixed tube; 2 ¼ limited movement, sessile, but not in tube; 3 ¼ slow movement through sediment; and 4 ¼ free movement via burrow system); and the method of reworking sediments (R i , 1 ¼ epifauna that bioturbate at the sedimentewater interface; 2 ¼ superficial modifiers, whose activities are restricted to the first 1e2 cm of the sediment profile; 3 ¼ head-down/head-up feeders that actively transport sediment to/from the sediment surface; 4 ¼ bio-diffusers whose activities result in a constant and random diffusive transport of particles over short distances; and 5 ¼ regenerators that excavate holes, transferring sediment from depth to the surface). Per capita effect was then multiplied by the species abundance and obtained values summed across species in the sample to estimate the community-level bioturbation potential, BP c .
The way in which the energy is divided within the different components of the ecosystem represents another opportunity to analyse the functioning of the system. In this context, exergy, which provide a thermodynamic metric that tracked the distance of the ecosystem from thermodynamic equilibrium, could represent a useful measure (Marques and Jorgensen, 2002; Raffaelli, 2006) . According to Odum (1969) , during their development, self-organizing systems tend to increase biomass, structure, complexity and information, by transforming the free energy, therefore increasing their exergy.
Exergy for biological systems can be estimated by means of the following equation (Jørgensen et al., 1995; Bendoricchio and Jørgensen, 1997) : where R is the gas constant and T is the absolute temperature, C i is the biomass concentration of the species (i) in the system and b i the weighting coefficients expressing the information carried by the (ith) species. The genetic information was suggested as representing the information content embedded in biomass and thus a way of estimating the complexity and organization of organisms. At present, the debate about what measure should be used to represent the information carried by organisms is still open (Jørgensen et al., 1995; Marques et al., 1997; Fonseca et al., 2000; Debeljak, 2002) . In the present study, specific genome size (C-value) has been used, even if its use remains questionable since genome size includes the non-coding genes and the repeated DNA that are carried unused information (Bendoricchio and Jørgensen, 1997; Debeljak, 2002; Gregory, 2005) . In its original formulation, exergy is calculated as the distance from a reference state (Wall, 1977; Svirezhev, 2000) and the ''primitive inorganic soup'' was suggested as reference for biological systems (Jørgensen et al., 1995) . For real ecosystems, however, a measure of local exergy (sensu Wall, 1977) , defined in relation to a real reference state and/or to the surrounding environment appears to be more appropriate (Libralato et al., 2005) . In the present study, the 1935 samples were used as reference and DExergy calculated as difference form those values.
A one-way PERMANOVA was preformed to test the differences among years and basins for the functioning indices. To test the relationship between diversity (in terms of specific richness) and functioning indices, a Spearman's rank correlation analysis was applied. To verify the presence of a spatial scale effect, the Spearman's test was carried out both on the matrix of all replicates (a diversity) and on the matrix of mean values per basin (g diversity). The Multivariate and PERMANOVA analyses were performed by using Primer 6 and PERMANOVAþ software package and the Spearman's rank correlation analysis by using STATISTICA.
Results
The MDS ordination shows the temporal trajectory of the macro-benthic community for each basin, determined by changes in the assemblage composition (Fig. 2) . The homogeneity of the three basins decreases during the time, as the ecological drivers acting on the lagoon become more localized. In the last part of the series, samples were more spread as confirmed by the MultiDispersion Index (MDI) and the similarity analysis, preformed by SIMPER (Table 4) . Moreover, the Southern basin shows a quite different trajectory in comparison with the other two basins.
To test the hypothesis that the trajectory shown by the Southern basin was due to it being more conservative ('closed') than the others, the index of multivariate seriation (IMS, Clarke et al., 1993; Warwick et al., 2002) was applied. This index performs a Spearman's rank correlation test between the observed similarity matrix and the matrix that would result from the inter-point distances of the same number of samples equally spaced along a straight line. The results of the test confirm the hypothesis, being statistically significant for the Southern series (Rho ¼ 0.64) and not significant for the other two series (À0.1 and À0.15, for the Central and the Northern basin, respectively).
The one-way PERMANOVA highlights significant differences among years and basins, confirming the changes in the community structure during the time, and the presence of different patterns in the three basins (for the results of this analysis, see Appendix A).
Diversity indices
In terms of the specific richness the comparison between 1935 and the rest of the series highlights a significant loss in diversity (Fig. 3) . In particular, in 1935, 16 exclusive species (three echinoderms, two bivalves, five polychaetes, and five crustaceans) were recorded and other 29 species showed a higher abundance.
The total abundance showed a quite different pattern with the highest values (more than 2000e3000 individuals per m 2 ) recorded in 1988 (Fig. 4) . The values then sharply declined and increased only at the end of the series, in the Central basin.
All this directly influences the pattern of the Shannon index (Fig. 5) . The average taxonomic distinctness (D þ ) and its variation (L þ ) give the opportunity to look at diversity from a taxonomic perspective (Fig. 6) . The 1935 samples showed the highest diversity values (and the lowest variation). Interestingly, all samples collected in the Southern basin showed values comparable to the 1935 ones, whereas the lowest values were recorded in 1988 and in the Central basin in 1999. The PERMANOVA test highlighted, for almost all diversity indices, significant differences among years for each basin and among basins (for the results of this analysis, see Appendix A).
Functional indices
The PCA results based on the biological traits allow the distinguishing, even if only in the context of a sort of gradient, three groups of stations, characterized by different traits composition ( Fig. 7) : a first group, composed by the samples collected in 1988, characterized by sessile species, tube dweller, with a high/medium fragility, and belonging to the detritus feeders trophic group; a second group, mainly represented by the samples collected in 1935 and some samples of the Southern basin, characterized by epifauna species, free living, with a medium fragility, and belonging to the mixed feeders trophic group; and a third group, well represented by the samples collected in 1999 in the Central basin, characterized by infaunal species, burrow dweller, with a low fragility due to the presence of an external shell, and belonging to the filter feeders trophic group.
According to life history traits, the 1988 samples are characterized by short life-span species (<2 years), adopting the 'egg layer/brooder/planktonic larvae' reproductive strategy; whereas the 1995e1999 Central basin samples are characterized by long life-span species (>5 years), adopting the 'broadcast spawner' reproductive technique. Finally, the group represented by the 1935 samples is characterized by medium life-span species, adopting the 'egg layer/brooder/mini-adults' reproductive technique. In terms of trophic structure, the trophic groups' distribution in 1935 highlighted the high incidence of herbivores characterizing the Central basin (Fig. 8) . In term of temporal dynamic, all the three basins at the end of 1980s to beginning of the 1990s showed an increase of detritus feeders. During the following decades, the benthic community in the three basins seemed to follow different trajectories. The mixed feeders become the dominant group in the Northern basin, whereas in the Central basin the filter feeders came to be dominant (e.g. in 1999). Finally, the Southern basin showed an articulated structure, with herbivores which play a significant role during the 1990s. This pattern is confirmed by the mean Trophic Level index which showed a decrease from 1935 to 1988, followed by a gradual increase, culminating at the end of the series (Fig. 9) . The PERMANOVA analysis highlighted that the trend is statistically significant in term of years for the Northern and the Southern basin and for the comparison among the basins (for the results of this analysis, see Appendix A).
For both the Secondary Production and the Biogenic Mixing Index, estimates obtained by using samples from surveys carried out in 1948 and 1968 were added to the time series, partially filling the gap between 1935 and 1988. The temporal pattern for the Secondary Production is shown in Fig. 10 . A gradual increase, culminating in 1988, during the phase of the macro algae blooms, was recorded, followed by a sharp drop in 1990, in all the three basins. A second peak was recorded in 1999, only in the Central basin. The PERMANOVA analysis highlighted that the trend is statistically significant both for years in each basin and for the comparison among the basins (for the results of this analysis, see Appendix A). The values recorded in 1988 were significantly higher than the others.
The Biogenic Mixing Index temporal trend is shown in Fig. 11 . The pattern, statistically significant both for years in each basin and for the comparison among the basins (for the results of this analysis, see Appendix A), is similar to that recorded for the Secondary Production with an increase of the values from 1935 to 1988, then a sharp decrease. A second peak was recorded in the Central basin in 1999.
The temporal trend of DExergy is shown in Fig. 12 . Almost all values of the time series were found to be higher than those of 1935 (all D values are positive, except the Northern basin in 1948). A gradual increase of values from 1948 to 1988, both in the Northern and Central basins, then a sharp decrease was recorded. In the final part of the series, the Southern basin showed an increase with a peak recorded in 1999. The PERMANOVA analysis highlighted that the trend is statistically significant both for years in each basin and for the comparison among the basins (for the results of this analysis, see Appendix A).
Discussion
Coastal lagoons represent distinct environments characterized by a reduced diversity, due to the selective environmental conditions, and by a high productivity, due to the shallowness and the nutrient enrichment. Moreover, they are subjected to dynamic changes, being ephemeral environments destined to transform ultimately into dry land due to the action of the same forces that created them (Ravera, 2000) .
The lagoon of Venice represents an exceptional case study in relation to the many challenges it offers in terms of management strategies to be adopted. It is the result of a co-evolution with human presence, which has completely modified the natural trend: the present evolution of the lagoon is more towards a marine bay more than to dry land.
The analysis of the macro-benthic community time series allows us to track the changes in the benthic assemblage, highlighting both spatial and temporal differences. In spatial terms, different trajectories were recognized for the three basins of the lagoon, with the Southern one showing the more conservative pattern. This could be related to the historical presence of consolidated seagrass meadows (Caniglia et al., 1992) , whose importance in maintaining biodiversity and stabilising marine ecosystems is well recognized (Duffy, 2006) . In terms of temporal variations, it is worthy to note that the differences between the basins seem to increase, e.g. the samples collected in 1999 in the three basins were quite dispersed. This can be explained with the fact that in 1999 the main ecological driver (namely, the massive presence of Manila clams and the resultant heavy exploitation pressure) was not equally distributed over the lagoon, whereas previously the drivers were more uniformly distributed.
The diversity-functioning relationship
The empirical evidence about the diversity-functioning relationship in macro-benthic communities indicates that changes in the specific richness have highly variable effects on ecosystem functioning in terms of the magnitude and direction of responses (Covich et al., 2004) . In this context, the time series of the Venice lagoon represents a good basis for analysing aspects of this relationship on a wide spatial and temporal scale, incorporating multi-trophic-level interactions and considering a wider range of species that differ in size, biomass, and life history traits.
The results obtained highlight the presence of an idiosyncratic relationship between diversity and system efficiency. Indeed, the low values of diversity recorded in 1988 and 1999 corresponded to high values in terms of functioning indices, such as the Secondary Production, Biogenic Mixing Index and DExergy. It seems to raise, moreover, the importance of the scale in analysing biodiversity-functioning relationship (Raffaelli, 2006) . By using the a diversity measure (which takes into account variations at the station level), there is a significant correlation (Spearman's test) between diversity and functioning indices; whereas, by using the g diversity measure (which takes into account variations at the basin level) no significant correlation was recorded, for all the functioning indices (Table 5 ). This could be related to the fact that, in the real communities, the provision of ecosystem processes will depend not only upon the number of species, but also on the relative contribution of dominant and minor species (Emmerson et al., 2001; Solan et al., 2004) and the environmental context (Biles et al., 2003) . Ruesink et al. (2006) have recently suggested that, in some cases, the successful invasion by an alien species can enhance ecological processes (e.g. the productivity), as in the Venice lagoon for the Manila clam in 1999.
Benthic community and ecological drivers
A common feature of each biological assemblage is the capacity to structure itself in relation to the main energy source, optimizing the production (Holling et al., 1995) . This capacity is enhanced in lagoon environments where biological communities are adapted to changing conditions, both cycling (such as tides and seasons) and directional changes (due to the natural developmental trend) by natural conditions.
By analysing the benthic community in the Venice lagoon, during the last 70 years it has been possible to recognize at least three different stages, the first being represented by the community described for 1935 (a 'pristine' state, with no or little anthropogenic pressures), the second one recorded in 1988 at the end of the eutrophication phase (dominated by benthic primary producers), and finally the third one, recorded in 1999, dominated by filter feeders (namely the Manila clam) with a community selected also by the deep disturbance produced by the mechanical clam harvesting. The main features of these stages are summarized in Table 6 .
In the first stage, the resultant community was highly diversified, both in terms of the number of species and trophic structure, with an important contribution of epifauna species, characterized by high mobility, but with low values of Secondary Production and Exergy.
During the 1950s and 1960s, the fast development of the industrial area, jointly with the discharges both from the city and the drainage basin, drove the lagoon towards a eutrophic state . Comparing data collected in 1948 and 1968 , Giordani Soika and Perin (1974 reported a significant increase of average nutrient contents in the bottom sediments (3 times for Nitrogen and 10 times for Phosphorous). The end of the nutrient enrichment phase was characterized by macro algae blooms (with biomass of 20 kg m À2 and a gross primary production higher than 130 kg m À2 y À1 ) and consequent anoxia events (Sfriso et al., 2003) . This meant that a great amount of energy, normally flowing through the ecosystem was confined by the huge algal biomass, becoming less available for the other components, as confirmed also by the extremely low value (about 5%) of the ecosystem transfer efficiency calculated for this period (Libralato et al., 2004) . Moreover, the decomposition processes due to anoxia, increased the organic matter flowing directly towards the bottom sediments. The changes in the trophic structure, with a shift towards detritus feeders and herbivores, have to be viewed as an adaptation, which allow the functioning optimization of the benthic compartment.
According to Cloern (2001) , this can be interpreted as a sign of stress, which could expose the ecosystem to nonnative species invasion. A particular state of the recipient region, such as altered ecological, biological, chemical or physical state, could indeed produce a sort of 'invasion window', increasing the system's susceptibility to invasion (Carlton, 1996) . The lagoon of Venice, in that period from the end of the 1980s to the beginning of the 1990s did experience the most successful invasion by an alien species, the Manila clam, which introduced in the middle of 1980s, rapidly spread throughout the whole lagoon, becoming the most abundant bivalve species and supporting 40,000 tons per year of fisheries yield. As a consequence, the presence of Ruditapes philippinarum, and the effects of its exploitation, became the dominant ecological factor, deeply affecting the functioning of the lagoon ecosystem (Pranovi et al., 2006) .
All this coincided with the third stage, featured by a shift towards infaunal species, characterized by a low mobility and a low fragility. At the same time, the community showed a high secondary production, mainly enhanced by the Manila clam, but a low maturity, as confirmed by the DExergy values, mainly in the Central basin.
Both the last two ecological stages were characterized by the over-dominance of a single species (Ulva rigida and Ruditapes philippinarum, respectively) producing the phenomenon described by Bishop et al. (2007) as 'trophic cul-de-sac'. A great amount of energy, which normally flows through the system was now stored in a scarcely accessible compartment resulting in a sharp reduction of the system's resilience and conversely an increase of its resistance.
The ecological stages and the adaptive cycle
The ecological transitions described here can be schematised by using, as theoretical framework, the four phases (exploitation, conservation, release, reorganization) of the 'adaptive cycle' (Holling, 1986; Holling et al., 1995) .
The first part of the cycle (from exploitation to conservation) corresponds to the classic ecosystem succession, being the 'exploitation phase' dominated by opportunistic species (r-strategists), and the 'conservation phase' characterized by the accumulation and storage of energy and material (see Marques et al., 2003) .
For the lagoon ecosystem, after that we can imagine as a stable phase (exemplified by the 1935 stage), the first two phases of the Holling cycle could be associated to the growing due to the eutrophication (during the 1970s) and the successive storage of energy and material in the huge macro algae biomass (during the 1980s).
The following phases of the cycle are the 'release', in which tightly bound energy and material are released because an external disturbance or a crisis, and the 'reorganization', when species and processes in the system reorganize to start another lap in the renewal cycle. The transition between these two phases is highlighted as a critical point, since the ecosystem may 'flip' into a new stability domain. For the lagoon ecosystem, the release phase could be recognized in the collapse of macro algae biomass. During the reorganization phase a flip, as described in the theory, was observed in relation to the invasion of Manila clam, which drove the system towards a new ecological equilibrium.
The adaptive cycle has therefore proved to be a conceptual model that is useful to interpret the changes of macro-benthic community that have been recorded in the lagoon of Venice during the last decades.
It may be concluded that the time series analysis of the macro-benthic community has allowed a description of the changes that have occurred in the benthic assemblage and the related modifications in the system functioning. The three basins of the lagoon have shown different temporal trajectories, with the Southern one less prone to change, or, in other terms, more resilient.
In the context of the environmental management of the Venice lagoon, the results obtained results raise a serious question about the identification of the reference state to be used for the EcoQ objectives implementation, since no clear diversity e functioning relationship has been defined. The two more recent stages recognized for the macro-benthic community, although poor in terms of diversity, were found to be good in terms of functioning (e.g. for the Secondary Production and the Biogenic Mixing Index).
Finally Exergy has been confirmed as an index able to summarize aspects of functioning different from those caught by other indices, and so is potentially useful in a management context. For the last part of the time series, the Exergy analysis suggested the presence of better conditions in the Southern basin, which in 1999 was less affected by the presence of the Manila clam and less impacted by the mechanical clam harvesting (Pranovi et al., 2006) .
